Despite the large number of heparin and heparan sulfate binding proteins, the molecular mechanism(s) by which heparin alters vascular cell physiology is not well understood. Studies with vascular smooth muscle cells (VSMCs) indicate a role for induction of dual specificity phosphatase 1 (DUSP1) that decreases ERK activity and results in decreased cell proliferation, which depends on specific heparin binding. The hypothesis that unfractionated heparin functions to decrease inflammatory signal transduction in endothelial cells (ECs) through heparininduced expression of DUSP1 was tested. In addition, the expectation that the heparin response includes a decrease in cytokine-induced cytoskeletal changes was examined. Heparin pretreatment of ECs resulted in decreased TNF␣-induced JNK and p38 activity and downstream target phosphorylation, as identified through Western blotting and immunofluorescence microscopy. Through knockdown strategies, the importance of heparin-induced DUSP1 expression in these effects was confirmed. Quantitative fluorescence microscopy indicated that heparin treatment of ECs reduced TNF␣-induced increases in stress fibers. Monoclonal antibodies that mimic heparin-induced changes in VSMCs were employed to support the hypothesis that heparin was functioning through interactions with a receptor. Knockdown of transmembrane protein 184A (TMEM184A) confirmed its involvement in heparin-induced signaling as seen in VSMCs. Therefore, TMEM184A functions as a heparin receptor and mediates anti-inflammatory responses of ECs involving decreased JNK and p38 activity.
For almost 100 years heparin has been used as an anticoagulant. Specific heparin interactions with proteins important in the anti-clotting system are now well understood. Many heparin binding proteins, including quite a few involved in modulating vascular function, inflammation, and angiogenesis, have been identified (reviewed in Ref. 1) . The large number of reports indicating evidence of decreased endogenous heparin and heparan sulfates (HS) 3 in atherosclerosis (in model animals and human disease) led to a proposal that decreases in endogenous heparins might be important in the development of atherosclerosis (2) . More recent evidence in support of that hypothesis includes increased heparanase expression in atherosclerosis (reviewed in Ref. 3 ) and increased levels of glycocalyx heparan sulfate in regions of the vasculature where laminar flow decreases the likelihood of atherosclerosis development (4) .
In addition to heparin, heparin binding proteins typically also bind HS chains on HS proteoglycans (HSPGs). Although the carbohydrate backbones of heparin and HS are identical, modifications and sulfation patterns vary. HS chains have fewer sulfate residues per disaccharide and a lower overall charge, but their widespread expression suggests that HS may provide many in vivo functions identified originally as heparin functions (reviewed in Ref. 5) . Heparin binding to growth factors modulates their activity and appears to protect them from degradation, whereas HSPGs in the extracellular matrix serve as a reservoir of protected growth factors believed to facilitate wound repair after cellular damage (1, 5) . Interactions of matrix glycoproteins with cell HSPGs (syndecans and glypicans) in cell membranes contribute to appropriate cellular interactions with the matrix (6, 7) . Heparin interactions with any of these molecules might contribute to the overall responses to heparin treatment.
Heparin also binds specifically to both VSMCs and ECs, suggesting the presence of a receptor for heparin (8 -10) . A number of studies have identified physiological changes in heparintreated ECs, including the production and secretion of proteins involved in coagulation (11, 12) and changes in inflammatory responses (13) (14) (15) (16) (17) . In fact, a study by Li et al. (17) provides evidence that heparin effects involve modulation of p38 activity. Numerous reports have identified VSMC responses to heparin. These responses include decreases in cell proliferation (18, 19) , ERK pathway activity (19 -21) , and activation of specific transcription factors (21) (22) (23) . Heparin binding results in increased levels of DUSP1 protein that are required for decreases in ERK activity (24) . The heparin-induced increases in VSMC DUSP1 suggest that heparin-induced decreases in EC inflammatory responses might also involve DUSP1 expression. In support of this idea, DUSP1 induction by anti-inflammatory glucocorticoid hormones does increase DUSP1 expression (25, 26) , and low molecular weight heparin has been reported to decrease peroxide-induced JNK and p38 activity (27) . Heparin uptake and many heparin functions likely depend on a heparin/HS receptor.
Monoclonal antibodies that block heparin binding to endothelial cells (HRmAbs) are able to mimic heparin responses in VSMCs (10, 19, 22, 24) , providing evidence that the protein to which they bind functions as a heparin receptor. The accompanying report identifies TMEM184A as the heparin-interacting protein to which the HRmAbs bind (28) . Knockdown of TMEM184A in VSMCs eliminates heparin responses (28) . Here we report evidence that unfractionated heparin treatment of ECs results in decreased JNK and p38 activity and that HRmAbs mimic heparin effects on JNK and p38 activity. The heparin effects on JNK and p38 depend on increased DUSP1 expression. Heparin effects on TNF␣-induced stress fiber formation also depend on the induction of DUSP1. Furthermore, knockdown of TMEM184A blocks EC heparin responses and indicates that TMEM184A also serves as a receptor for heparin in ECs.
Experimental Procedures
Materials-TNF␣ was obtained from GenScript (Piscataway, NJ). Primary antibodies against JNK1/3 (catalog no. sc-474), phosphorylated JNK (pJNK; catalog no. sc-6254-mouse, used in microscopy and Western blotting; catalog no. sc-12882-goat, used in Western blotting), p38 (catalog no. sc-535), DUSP1 (MKP-1, catalog nos. sc-370 and sc-1199, used interchangeably), ␣-tubulin (catalog no. sc-398103), phosphorylated HSP27 (pHSP27, catalog no. sc-12923), phosphorylated c-jun (pcJun, catalog no. sc-31675), phosphorylated MAPK-activated protein kinase 2 (pMK2, sc-31675), and TMEM184A against an amino-terminal domain (NTD, catalog no. sc-292006) were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Antibodies to phosphorylated p38 (pp38, catalog nos. 9211 and 9216) were obtained from Cell Signaling Technology (Beverly, MA). HRmAbs were isolated and purified as reported previously (10) . Secondary antibodies conjugated to tetramethylrhodamine isothiocyanate (TRITC), Alexa Fluor 488, Alexa Fluor 594, Cy3, and Alexa Fluor 647 (in donkey or bovine with minimal cross-reactivity) were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA). Unfractionated heparin, non-IgG endotoxin-tested BSA, and TRITC-phalloidin were obtained from Sigma. Alexa Fluor 488 phalloidin was obtained from Invitrogen.
Cell Culture-Bovine aortic endothelial cells (BAOECs) and rat aortic endothelial cells (RAOECs), obtained from Cell Applications (San Diego, CA), were cultured using Cell Applications media according to their recommendations on 0.2% porcine gelatin and exchanged into minimum Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (Invitrogen or Atlanta Biologicals, Atlanta, GA), 5% L-glutamine, 1% sodium pyruvate, 1% minimum non-essential amino acids, and 1% penicillin/streptomycin antibiotics (Sigma). Human brain microvascular endothelial cells (HBMECs) were obtained from Cell Systems (Kirkland, WA) and cultured using Cell Systems complete medium according to their recommendations or minimum Eagle's medium after exchange into minimum Eagle's medium supplemented identically to the BAOEC culture. Typically, primary cells between passages 4 and 25 were used for these experiments. For microscopy, cells were cultured to between 70% and 90% confluence on glass coverslips coated with 0.2% porcine gelatin (Sigma) in 6-well culture dishes.
SDS-PAGE and Western Blotting-Cells were grown to the desired density on 100-mm tissue culture dishes and treated with stressing agents, heparin, and/or HRmAbs, as noted in the text. Cell samples were harvested directly into 2ϫ sample buffer (11, 19) for SDS-PAGE. Primary antibody dilutions were 1:5000 except for ␣-tubulin (1:8000) and TMEM184A antibodies (1:1000). Secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 594, Alexa Fluor 647, or TRITC (diluted 1:5000) were incubated with the blots, and visualization of the bands was accomplished by fluorescence detection using the Bio-Rad ChemiDoc MP system (catalog no. 170-8280). Bands of interest were identified by comparison with lanes developed using only secondary antibodies and by molecular weight on the basis of migration of prestained Rainbow TM molecular weight markers (GE Healthcare LifeSciences). The blots are representative of at least three experiments.
Immunofluorescence Staining-BAOECs, RAOECs, and HBMECs were fixed with 4.0% paraformaldehyde (Pierce) for 20 min at room temperature with gentle shaking and permeabilized with 0.2% Triton-X-100 (Sigma) for 5 min at room temperature with gentle shaking. Coverslips were incubated with 1% BSA for 30 min at room temperature with gentle shaking. Coverslips were incubated with appropriate primary antibodies overnight at 4°C, washed with 1ϫ PBS, and incubated with appropriate secondary antibodies for 1 h at 37°C. Primary and secondary antibodies were used at the recommended optimized dilutions (1:200 or 1:100 for bovine anti-goat conjugated with Alexa Fluor 488, TRITC, and Alexa Fluor 594 or 1:50 for bovine anti-goat conjugated to Alexa Fluor 647). Phalloidin staining used a dilution 1:200. Coverslips were washed with 1ϫ PBS and mounted on Mowiol (Calbiochem, Billerica, MA) to minimize photobleaching. Secondary antibody-only controls were performed to rule out nonspecific staining (data not shown).
Confocal Microscopy-Fluorescent labels were visualized using a Zeiss laser-scanning microscope (510 Meta confocal microscope with a ϫ63 oil immersion lens) at room temperature. Stress fiber images in TMEM184A knockdown cells were taken with a Nikon C2ϩ confocal microscope (ϫ60 oil immer-sion lens). The gain intensity and amplifier settings for each channel were set at a level below saturation and appropriate to provide a dynamic range of intensity for pp38, pJNK, pcJun, pMK2, pHSP27, and DUSP1 using control slides from initial experiments. The gain intensity and amplifier settings for Alexa Fluor 488-phalloidin were set by scanning to approximately the same Z plane in control cells where both the intensity and resolution of stress fibers were optimal. All settings were saved and used to image each sample slide within an experiment and for slides in all subsequent repeats of experiments. Z stacks were taken for all slides. All images of DUSP1 and actin stress fibers represent approximately the same Z plane of each cell.
DUSP1 Knockdown-BAOECs were cultured to confluence in 100-mm plates. Cells were trypsinized, washed with 1ϫ PBS, washed with HEPES-buffered saline, and resuspended in HEPES-buffered saline. Cells were electroporated with 20 g/ml of scrambled control or bovine-specific DUSP1 siRNA (Santa Cruz Biotechnology) in the Bio-Rad Gene Pulser X-Cell system using a modified, preset HeLa protocol (170 V for 7.0 ms). Cells were seeded onto 0.2% porcine gelatin-coated glass coverslips in a 6-well culture dish with Cell Systems BAOEC medium for immunofluorescence staining and quantitative microscopy of pJNK, pp38, DUSP1, and actin stress fibers at 12-24 h post-electroporation.
TMEM184A Knockdown-RAOECs were prepared for knockdown as above for DUSP1 siRNA treatment. Cells were transfected using 20 g/ml of shRNA designed for rat TMEM184A in the pGFP-V-RS plasmid or control shRNA in the same plasmid (Origene, Rockville, MD) using the Bio-Rad Gene Pulser X-Cell system. Cells were seeded and processed as above for the DUSP1 knockdown system. Experimental treatments were accomplished 72 h after electroporation. Imaging of nuclear staining in TMEM184A knockdown cells was accomplished using a Nikon Eclipse TE 2000-U fluorescence microscope. Stress fibers in TMEM184A knockdown cells were visualized as above.
Quantitative Immunofluorescence Image Analysis-To quantify pJNK, pp38, pcJun, and DUSP1, National Institutes of Health ImageJ software was used to determine the mean nuclear fluorescence intensity of at least 75 cells/treatment from each of at least three independent experiments. The nucleus of each cell was outlined accurately with the Oval tool by using the differential interference contrast images taken for each slide on the laser-scanning confocal or Nikon Eclipse microscope, and the nuclear fluorescence intensity for each cell was recorded. The nuclear fluorescence intensity measurements were corrected against minimal background fluorescence for each slide, and untreated controls were set to 100 to standardize between experiments. The averaged nuclear fluorescence intensity for each treatment was compared with untreated samples. To quantitate pMK2 and pHSP27, ImageJ software was used to determine the mean whole-cell fluorescence intensity of at least 75 cells/treatment/experiment and at least three independent experiments. The outline of each cell was determined and outlined with the Freehand Selections tool by referencing the differential interference contrast images, and the whole-cell fluorescence intensity for each cell was recorded. All measurements were corrected against minimal background fluorescence for each slide. The whole-cell fluorescence intensity was averaged for each treatment, and untreated control values were set to 100.
ImageJ software was used to quantitate stress fibers in at least 100 cells/treatment/experiment from at least three independent experiments. The Threshold tool was used to eliminate background fluorescence. Perpendicular line profiling through the cytoplasm of individual cells was used to generate average fluorescence intensity profiles at regular intervals along the freehand line selection, where the y axis represented the level of fluorescence and the x axis represented the distance across each cell. Sharp, distinct peaks above the threshold were counted for each profile and averaged. Cortical actin peaks were excluded from the counts because their dynamics responded differently than the fibers that spanned the cells.
Statistical Analysis-All experiments are representative of at least three independent trials. Graphical data are shown as mean Ϯ S.E. Comparisons between groups were analyzed using analysis of variance followed by a Tukey post hoc test. Comparisons between two groups were analyzed using a Student's t test. Differences with p Ͻ 0.05 were considered significant ( †, p Ͻ 0.05; *, p Ͻ 0.01; ** p Ͻ 0.001).
Results
Heparin Decreases TNF␣-induced p38 Activity-To test the hypothesis that unfractionated heparin alters p38 activation in ECs, whole-cell p38 activity was first evaluated in TNF␣-treated BAOECs with or without heparin pretreatment. TNF␣ treatment (25 ng/ml) resulted in increased p38 activation, measured as pp38 by Western blotting. In cells pretreated with heparin, the level of pp38 was consistently lower than in TNF␣-treated cells without heparin (Fig. 1A) . There was little decrease in pp38 at low heparin concentrations. In fact, as shown in Fig.  1A , it sometimes appeared that, at low concentrations of heparin, there was a slight increase in whole-cell pp38. However, by 50 g/ml heparin, it always appeared that there was less pp38 than in cells treated with TNF␣ alone. Neither heparin nor TNF␣ affected the levels of total p38. Activated p38 typically moves to the nucleus, where it phosphorylates numerous substrates (reviewed in Ref. 29 ). In the nucleus, pp38 can be inactivated by DUSP1 (reviewed in Ref. 30 ). Therefore, it was important to understand whether there were heparin-induced changes in nuclear pp38. Quantitative analysis of nuclear pp38 using immunofluorescence was determined for a total of more than 200 cells at each time point from at least three experiments per condition. TNF␣ alone resulted in increased active p38 in the nucleus. Heparin treatment for 20 min without TNF␣ caused no change in pp38 levels (Fig. 1B) . Heparin pretreatment decreased the TNF␣-induced nuclear pp38 levels over at least 2 h (Fig. 1B) . Longer incubations with heparin also resulted in no change in active p38. There were no changes in nuclear total p38 (data not shown). To be certain that the levels of active p38 in human ECs were also sensitive to heparin treatment, we evaluated nuclear pp38 in HBMECs (Fig. 1C) . As with the BAOECs, TNF␣ treatment resulted in significant activation of p38, and heparin pretreatment caused a significant decrease in pp38 relative to TNF␣ treatment alone. To investigate the idea that heparin effects on ECs were mediated through a hep-arin receptor similar to heparin effects in VSMCs, HRmAbs effects on TNF␣-induced responses in ECs were investigated. HRmAbs were able to mimic heparin in BAOECs, resulting in decreased pp38 compared with TNF␣ treatment without heparin or HRmAbs (Fig. 1D) . Together, these data indicated that heparin treatment caused a decrease of pp38 in the nucleus and that this response depended on the heparin receptor to which the HRmAbs bind.
Heparin Decreases TNF␣-induced JNK Activation-To evaluate whether the decreases in activated p38 would also be observed with JNK, BAOECs were treated as for the p38 studies above and analyzed for JNK activity. Western blotting analysis indicated that BAOECs pretreated with a range of heparin concentrations up to 200 g/ml heparin before TNF␣ showed a decrease in pJNK at higher heparin concentrations compared with cells treated with TNF␣ alone (Fig. 2A) . As with heparin effects on pp38, the pJNK response was concentration-dependent. Also, as observed in Western blotting analyses for total pp38, total cell pJNK appeared to be slightly higher at low heparin concentrations, as shown in Fig. 2A . Neither heparin nor TNF␣ treatment caused a change in total JNK levels. As expected from the literature (e.g. Ref. 31 ), TNF␣ treatment of BAOECs significantly increased nuclear pJNK (Fig. 2B) . Compared with TNF␣ only, nuclear pJNK was decreased significantly in BAOECs treated with heparin prior to TNF␣. As with pp38, heparin alone caused no change in pJNK (Fig. 2B ) at 20 min (or longer, data not shown). We again used HBMECs to confirm that heparin sensitivity was applicable to both human ECs as well as microvessel ECs (Fig. 2C) and found that TNF␣-induced pJNK levels were decreased significantly by pretreatment with heparin. Pretreatment with HRmAbs also decreased pJNK, comparable with the effect of heparin (Fig. 2D) . The results indicate that heparin pretreatment resulted in decreased active JNK in the nuclei and that these effects likely occurred through heparin interactions with its receptor.
Heparin Decreases Activation of Downstream p38 and JNK Substrates-To investigate whether heparin-induced decreases in JNK and p38 activation also decreased downstream signal- ing, the activation status of several JNK and p38 substrates was examined using Western blotting and immunofluorescence microscopy (Fig. 3) . Heparin effects on the JNK transcription factor target, cJun, were analyzed by Western blotting (data not shown) and immunofluorescence. Fig. 3A illustrates typical pcJun from at least three independent experiments. As expected, TNF␣ increased nuclear pcJun after 30 min (Fig. 3A) . Heparin pretreatment significantly decreased nuclear pcJun, consistent with the heparin-induced decrease in pJNK. Similar results were observed in HBMECs (data not shown). Substrates for p38 include transcription factors and other kinase enzymes, including MK2. Activated MK2 has been shown to be involved in signaling responses to growth factors and inflammation (32) . MK2 activity plays an important role in EC actin remodeling (e.g. Ref. 33) , making it an important p38 target to evaluate. Therefore, MK2 was tested using quantitative immunofluorescence (Fig. 3B) . pMK2 increased rapidly in response to TNF␣ treatment. In cells pretreated with heparin, there were significant decreases in MK2 phosphorylation compared with cells treated with TNF␣ only (Fig. 3B) . HSP27, a downstream target of MK2 involved in modulating actin remodeling in ECs (34) and other cell types, was similarly responsive to heparin. Fig. 3C illustrates significant heparin-induced decreases in whole-cell pHSP27 relative to cells treated with TNF␣ alone. These results indicate that both transcription factors and other downstream targets are phosphorylated at lower levels in heparin-treated cells.
DUSP1 Is Critical for Heparin-induced Decreases in JNK and p38
Activity-In VSMCs, heparin has been shown to induce concentration-and time-dependent expression of DUSP1, a dual-specificity phosphatase that localizes to the nucleus, where it regulates MAPK signaling (24) . To test the hypothesis that increased DUSP1 is required for heparin-induced decreases in JNK and p38 activation, we first evaluated whether increased DUSP1 is observed in heparin-treated ECs (Fig. 4) . BAOECs were treated with heparin, and cells were harvested for Western blotting analysis to determine the relative levels of DUSP1 (Fig. 4A ). DUSP1 levels increased by 10 min, and maximal DUSP1 expression was achieved by 30 min in cells treated with 200 g/ml heparin. Quantitative immunofluorescence showed that HBMECs (Fig. 4B ) also exhibited a rapid increase in DUSP1.
We then questioned whether the observed decreases in JNK and p38 activation required this heparin-induced DUSP1. BAOECs were electroporated with DUSP1 siRNA as described under "Experimental Procedures," treated, and evaluated using quantitative immunofluorescence assays. Treatment with species-specific DUSP1 siRNA consistently resulted in a significant (p Ͻ 0.05) decrease in nuclear DUSP1 (e.g. Fig. 4C ). Wholecell knockdown averaged 54% of control siRNA-treated cells, whereas nuclear DUSP1 levels decreased to 65% of control siRNA-treated cells. Calculated levels of cytoplasmic knockdown indicate that DUSP1 siRNA-treated cells had 45% as much DUSP1 in their cytoplasm as controls, consistent with the fact that this nuclear enzyme is likely in the cytoplasm primarily shortly after synthesis. Knockdown cells treated with heparin did not significantly increase DUSP1 expression (Fig. 4D) . TNF␣ treatments activated JNK and p38 in both control and DUSP1 siRNA-treated BAOECs (Fig. 4, E and F) . Interestingly, knockdown of DUSP1 resulted in higher levels of nuclear pJNK without any other treatment (Fig. 4E) . As expected, heparin pretreatment in control siRNA-treated cells resulted in significantly decreased TNF␣-induced JNK and p38 activity. However, in DUSP1 knockdown cells pretreated with heparin, this heparin-induced reduction in JNK and p38 activation was not observed (Fig. 4, E and F) . Therefore, heparin effects on JNK and p38 activation require the induction of DUSP1 in a manner similar to VSMCs (24) .
Heparin Decreases TNF␣-induced Stress Fiber Formation and Organization-Activated JNK and p38 have been shown to play roles in actin remodeling and subsequent EC morphology changes (reviewed in Ref. 35 ). JNK activation is linked with newly organized cortical actin and EC adaptation, whereas p38 appears to be associated with stress fibers and actin events at focal adhesions (35) . After observing significant heparin-induced decreases in JNK and p38 activation, it became important to investigate whether these heparin-induced JNK and p38 activity decreases could reduce TNF␣-induced stress fiber formation. BAOECs treated with TNF␣ for at least 30 min exhibited increased stress fibers (e.g. compare Fig. 5, B, c-f, with A) . In cells pretreated with heparin (Fig. 5B, g-j) , there was an overall decrease in the number of stress fibers per cell. There was individual variability in stress fiber formation between cells, as suggested by the two control actin images (Fig. 5A, a and b) . Therefore, stress fibers were counted using ImageJ software as described under "Experimental Procedures" (illustrated in Fig.  5C ). Peripheral cortical actin was not included in the line profiling because changes in cortical actin do not correspond to changes in stress fibers traversing the whole cell (36, 37) . An example of the line profile is shown in Fig. 5C . As illustrated in Fig. 5A and quantified in Fig. 5D (time 0) , few stress fibers were found in untreated BAOECs stained with Alexa Fluor 488-phalloidin.
The average number of fluorescence peaks was increased significantly with 30 -120 min of TNF␣ treatment in both BAOECs (Fig. 5, B and D) and HBMECs (Fig. 5E ). However, in cells treated with heparin before TNF␣, the average number of fluorescence peaks was significantly lower than in cells treated with TNF␣ alone. In BAOECs, this heparin effect was observed as early as 30 min of TNF␣ treatment and persisted through 120 min (Fig. 5D) . In HBMECs, heparin effects on stress fiber levels were also evident by 30 min of TNF␣ treatment and were maintained through 120 min of TNF␣ treatment (Fig. 5E) . In cells pretreated with HRmAbs in place of heparin (Fig. 5F) , there was also a decrease in the number of stress fibers compared with cells treated with TNF␣ alone. In these experiments, the measured increase in stress fibers induced by TNF␣ was not as great as in the other experiments, possibly because of differences in the batch of TNF␣ or the visualization system (rhodamine-phalloidin).
To test whether the effects of heparin on stress fiber formation were also dependent on DUSP1, stress fibers were quanti- fied in BAOECs transfected with either control or DUSP1 siRNA (Fig. 5G) . A 30-min TNF␣ treatment increased stress fibers in both control and DUSP1 siRNA-treated cells. In control siRNA cells, heparin pretreatment resulted in a significant decrease in stress fibers. In cells with DUSP1 knocked down, heparin pretreatment did not decrease stress fibers; rather, an increase was observed. These data indicate that heparin treatment decreases stress fiber responses to TNF␣, which depends on heparin-induced DUSP1 increases that lead to decreased JNK and p38 activity.
Knockdown of TMEM184A Interferes with Heparin Responses-We have recently identified TMEM184A to be a heparin-responsive transmembrane protein required for heparin effects in VSMCs (28) . The identification of TMEM184A also involved the use of HRmAbs that mimic effects of heparin in ECs (Figs. 1, 2, and 5) . Knockdown of TMEM184A in rat Note that neither cortical actin at two edges nor peaks below a threshold are counted (refer to "Experimental Procedures"). D and E, more than 100 BAOECs (D) or HBMECs (E) for each condition were analyzed for the number of peaks above basal intensity. Error bars represent the mean number of peaks with S.E. *, p Ͻ 0.01. F, BAOECs in k and l were treated as in A and B. Cells in m and n were treated with 1 g/ml HRmAbs H6 or B1 instead of heparin. Cells in k-n were stained with rhodamine-phalloidin. The images are representative of three independent experiments and were analyzed as in D and E. †, p Ͻ 0.05. G, BAOECs were treated with DUSP1 siRNA (light columns) or control siRNA (dark columns) before 30 min of TNF␣ and heparin, and stress fibers were analyzed. **, p Ͻ 0.001. Scale bars ϭ 20 m.
VSMCs eliminated heparin responses (28) . To determine whether this heparin-responsive protein identified with our HRmAbs and confirmed in VSMC is also responsible for the heparin effects in ECs reported here, we first confirmed that TMEM184A is present in RAOECs across the range of cell density we studied (Fig. 6A) . We then studied RAOEC responses in knockdown compared with control shRNA-treated cells. Knockdown of TMEM184A was typically around 50% on the basis of staining of cells from each knockdown experiment and quantification of the TMEM184A staining. Representative images and data from more than 200 cells/condition are shown in Fig. 6B . Both cell surface TMEM184A and total cell TMEM184A are decreased to a similar extent. We employed an immunofluorescence assay for nuclear JNK and p38 (Figs. 1 and  2 ) to characterize TMEM184A knockdown effects on heparininduced JNK and p38 activity decreases. Heparin treatment of TMEM184A knockdown cells did not decrease nuclear pp38 levels (Fig. 6C) , although control shRNA-transfected cells responded to heparin normally, with a significant decrease at 15 min (Fig. 6C) . At 30 min, the level of TNF␣-induced nuclear pp38 was already much lower than at 15 min, and the heparininduced decrease in control cells was not significant. Again, there was no heparin-induced change in knockdown cells. Heparin-induced decreases in nuclear pJNK levels were significant at both 15 and 30 min in TNF␣-activated RAOECs. Knockdown cell nuclear pJNK remained high at both time points despite heparin treatment (Fig. 6D) . Knockdown of TMEM184A also blocked the ability of heparin treatment to induce DUSP1 expression (Fig. 6E) , consistent with the requirement of heparin-induced DUSP1 expression for resultant decreases in JNK and p38 phosphorylation. Stress fiber formation was significant after 60 min of TNF␣ treatment in control shRNA-treated cells and TMEM184A knockdown cells. In cells pretreated with heparin, control cells exhibited significantly fewer stress fibers. However, there was no stress fiber decrease in heparin-treated knockdown cells (Fig. 6F) . The data from the TMEM184A knockdown experiments support the hypothesis that TMEM184A is required for heparin responses in ECs and VSMCs and indicate its involvement in anti-inflammatory EC responses to heparin.
Discussion
Inflammatory mediators such as TNF␣ and other cytokines have been implicated in the chronic pathogenesis of vascular disease. They induce EC p38 and JNK activation, increase immune cell adhesion molecule expression, promote VSMC migration, and cause EC barrier dysfunction, all of which further accelerate local inflammation (38, 39) . A number of studies have determined that heparin exhibits anti-inflammatory properties and modulates angiogenesis (1) . Low molecular weight heparin has been shown to reduce JNK and p38 activation, downstream transcription factor activation, and induction of cell adhesion molecule expression (27) . Here we present evidence that unfractionated heparin decreases nuclear JNK and p38 activity and also alters TNF␣ effects on actin remodeling that depend on JNK and p38 activity. Interestingly, at low heparin levels, there appears to be a slight increase in JNK and p38 activation. Because heparin-induced inactivation of these enzymes depends on DUSP1 synthesis and movement of the pJNK and pp38 to the nucleus for dephosphorylation, differences in movement to the nucleus or other cytoplasmic signaling initiated in response to heparin might explain these results and are interesting possibilities to investigate further. The heparin effects in ECs are mimicked by HRmAbs that bind to a heparin receptor. The observations that pretreatment with antibodies to a putative heparin receptor decreases TNF␣-induced JNK and p38 activation and decreases stress fiber formation are consistent with previous reports showing that these antibodies mimic the effects of heparin in VSMCs (19, 22, 24) . Here we provide functional evidence that the anti-inflammatory effects of heparin in ECs are mediated through the heparin receptor TMEM184A, as seen in VSMCs (28) . TMEM184A knockdown interferes with heparin responses, confirming our HRmAb evidence. Our data strongly suggest that the TNF␣ and heparin pathways, when activated simultaneously in ECs, engage in cross-talk dependent on the heparin receptor TMEM184A. A schematic for this cross-talk between the TNF␣ and heparin signals is shown in Fig. 7 .
EC dysfunction in response to inflammation results in the formation of pericellular gaps, altered interactions between ECs and matrix proteins, decreased calcium-dependent signaling at EC barriers, and changes in mechanosensitivity (39 -41) . Reorganization of F-actin into stress fibers through the MAPK signaling cascades in response to TNF␣ and low or disturbed fluid shear stress has also been shown to increase EC permeability (39, 41, 42) . JNK associates with stress fibers in ECs and plays a role in actin remodeling (43, 44) . Regions of the vasculature with disturbed flow have higher levels of active JNK (45, 46) . Similarly, p38 plays a role in actin remodeling (41, 47, 48) and facilitates actin remodeling in response to changes in shear stress (49) . This likely requires the p38 substrate MK2 and phosphorylation of its substrate HSP27 (34, 47) . Our results indicating heparin-induced decreases in pMK2 and pHSP27 are consistent with the evidence that heparin-treated ECs show lower levels of stress fibers when stressed with TNF␣.
Natural inhibitors of inflammation and stress signaling include glucocorticoid hormones, which can decrease signaling through stress kinase pathways by inducing the synthesis of DUSP1 (25, 26) . JNK and p38, as targets of DUSP1, have been well characterized in vascular cell types, and our data agree with previous reports showing that, after p38 and JNK activation, DUSP1 is effective in decreasing activation and protecting cells from actin stress fiber formation, which often leads to EC dysfunction (39, 48, 50) . In this regard, our finding that heparin treatment of ECs after DUSP1 knockdown resulted in increased TNF␣-induced pJNK and stress fibers indicates that DUSP1 may be critical for routine modulation of stress fiber levels and their remodeling in ECs. ECs express higher levels of DUSP1 in atheroprotective regions of the vasculature, resulting in the lower levels of active JNK and p38 found in those regions (50) . The lower levels of DUSP1 in the areas of disturbed flow therefore contribute to increased inflammation in these regions. Although heparin is convenient for cell studies, HSPGs likely interact with most heparin binding proteins in vivo (5) . It is interesting that EC HSPGs are involved in EC remodeling in response to shear stress (51) . In fact, knocking down synde- can-1 or -4 decreases the laminar shear stress protection of endothelial layers from inflammatory damage (52, 53) .
We have recently identified TMEM184A colocalization with caveolin-1 in vascular cells (28) . Caveolae organize numerous players in signaling pathways (54) . The role of caveolae in endothelial nitrous oxide synthase activation, which results in increased NO production and resultant increases in cGMP (55) , and the colocalization of the heparin receptor with caveolin-1 (28) suggest that these players could be linked in modulating healthy endothelial function. The HSPG syndecan-1 requires caveolae for uptake (56) , indicating that it might interact with TMEM184A in caveolae. TNF␣ has been shown to inhibit endothelial nitrous oxide synthase activity and, as a result, decrease NO production, which would lead to lower levels of active cGMP-dependent protein kinase. This causes ECs to become vasoconstrictive and, eventually, dysfunctional (38, 57) . Recent studies have shown that the effects of heparin in VSMCs involve cGMP-dependent protein kinase (22) . We hypothesize that the effects of heparin in ECs might also be dependent on cGMP-dependent protein kinase and that the heparin-induced increased cGMP prior to exposure to TNF␣ could prevent the effects resulting from changes in NO production. Elucidating the signaling dynamics between these pathways will be important to understand the protective effects of heparin on the endothelium.
In addition, the significant effects of HSPGs and heparin/HS binding proteins in angiogenesis (1) suggest that the heparin receptor might be a player in that complex process. Endogenous heparin and HS are crucial for vascular health. Decreased glycocalyx HSPGs and increased heparanase, which degrades endogenous HS chains in atherosclerosis (3, 4) , indicate critical roles for heparin and HS in decreasing atherosclerosis. We provide evidence for cross-talk between heparin through the TMEM184A heparin receptor and TNF␣ through inflammatory signaling. Our results demonstrate that heparin-induced DUSP1 expression in multiple EC types is similar to what has been reported previously in VSMCs and that this induction is necessary to decrease TNF␣-induced JNK and p38 activation to prevent significant stress fiber formation. 
